The extraction of mercury (II) from hydrochloric and nitric acid solutions by trioctyl phosphine oxide (TOPO) in benzene has been investigated under different conditions. The organic extracts were examined by infrared, Raman and nuclear magnetic resonance spectroscopies. As the results, it was found that with increasing the concentration of aqueous hydrochloric acid solutions, the distribution coefficient for TOPO decreased below 1 mol dm -3 HCl and rised to a maximum at about 4 mol dm -3 HCl and then fell. The distribution behavior for the extraction of mercury (II) by TOPO from nitric acid solutions was analogous to that from hydrochloric acid solutions, while their extraction efficiencies were in the order of extraction systems HCl > HNO 3 . Consequently the following equilibrium equations are proposed for the extraction of mercury (II) from hydrochloric and nitric acid solutions by TOPO : for HCl extraction system, HgCl 2 (a) + 2TOPO (o) HgCl 2 ・2TOPO (o), HgCl 4 2-(a) + 2H + (a) + 2TOPO (o) H 2 HgCl 4 ・ 2TOPO (o) and when mercury loading increases HgCl 2 (a) + TOPO (o) HgCl 2 ・ TOPO (o) ; for HNO 3 extraction system, Hg (NO 3 ) 2 (a) + 2TOPO (o) Hg (NO 3 ) 2 ・2TOPO (o) and Hg (NO 3 ) 4 2-(a) + 2H + (a) + 2TOPO (o) H 2 Hg (NO 3 ) 4 ・2TOPO (o).
by Taichi SATO 1 , Keiichi SATO 2 and Yoshitomo NOGUCHI 3 The extraction of mercury (II) from hydrochloric and nitric acid solutions by trioctyl phosphine oxide (TOPO) in benzene has been investigated under different conditions. The organic extracts were examined by infrared, Raman and nuclear magnetic resonance spectroscopies. As the results, it was found that with increasing the concentration of aqueous hydrochloric acid solutions, the distribution coefficient for TOPO decreased below 1 mol dm -3 HCl and rised to a maximum at about 4 mol dm -3 HCl and then fell. The distribution behavior for the extraction of mercury (II) by TOPO from nitric acid solutions was analogous to that from hydrochloric acid solutions, while their extraction efficiencies were in the order of extraction systems HCl > HNO 3 . Consequently the following equilibrium equations are proposed for the extraction of mercury (II) from hydrochloric and nitric acid solutions by TOPO : for HCl extraction system, HgCl 2 As it is known that the sulpher-containing compounds are effective as the solvent extractants for precious metals 1)-4) , we have investigated the extraction of mercury (II) from hydrochloric acid solutions by dihexyl sulphide (DHS) and dihexyl sulphoxide (DHSO) 5) . In addition, the extraction of mercury from chloride medium has been examined by using trioctylamine (TOA) and trioctyl methylammonium chloride (TOMAC) 6) . Thus the present paper extends the work to solvent extraction system by trioctyl phosphine oxide (TOPO) in order to obtain further information for the extraction of mercury (II). However, since one of the authors has studied on the determination of the stability constants of the aqueous chloro complexes of mercury (II) by using solvent extraction with TOPO 7) , the extraction behavior of mercury (II) by TOPO from hydrochloric acid solutions are compared with that from nitric acid solutions in this paper.
Experimental

2・1 Reagents
The TOPO (Hokko Chemical Industry Co., Ltd.) was of high purity and used without further purification by dissolving in benzene. Aqueous solutions of mercury were prepared by dissolving its chloride (HgCl 2 ) and nitrate (Hg (NO 3 ) 2 ・xH 2 O) in hydrochloric and nitric acids of the selected concentration, respectively. In general the concentration of the metal salts was 1 g dm -3 except for the loading test. All chemicals were of analytical reagent grade.
2・2 Extraction and analytical procedures
Equal volumes (15 cm 3 each) of organic and aqueous phases were placed in 50 cm 3 stoppered conical flasks and shaken at 293 K, except for the experiments on temperature effect. Preliminary experiments showed that equilibrium was complete in 10 and 50 min for the extraction of mercury (II) form hydrochloric and nitric acid solutions, respectively. After extraction, the mixture was separated by centrifugation, and the concentration of mercury in the aqueous phase was determined by EDTA titration at pH 10 in the presence of excess Mg-EDTA using Eriochrome Black T (BT) as an indicator 7) . The concentration of mercury in the organic phase was obtained by difference between the equilibrium aqueous concentration of mercury and the initial aqueous total concentration of mercury. The distribution coefficient, E o a , was inquired as the ratio of the equilibrium concentration of mercury in the organic phase to that in the aqueous phase.
2・3 IR, Raman and NMR spectral measurements
The infrared (IR) spectra of the organic extracts were measured by JASCO infrared spectrophotometer models IRA-1 (4,000 -650 cm -1 ) and IR-F (700 -200 cm -1 ) using a capillary film between thallium halide plates or polyethylene films. The Raman spectra of the organic extracts were measured by a JASCO laser Raman spectrophotometer model R-300. Nucler magnetic resonance (NMR) spectra were obtained for organic extracts dissolved in carbon tetrachloride using a JEOL model JNM-PMX 60SO NMR spectrometer in the use of tetramethylsilane as an internal reference.
Results and Discussion
3・1 Extraction isotherms from hydrochloric acid solutions
The extraction of mercury (II) from hydrochloric acid solutions by TOPO was carried out by varying the aqueous acidity. With increasing the initial concentration of hydrochloric acid, the distribution coefficient of mercury (II) decreases to approach a minimum at 1 mol dm -3 acid and rises above this acidity, then passes through a maximum at about 4 mol dm -3 , and then falls at higher acidities (Fig.1 -3 exhibits the maxima at the mole fraction of 0.5 at initial aqueous hydrochloric acid concentrations of 0.06 and 0.2 mol dm -3 and 0.33 at initial aqueous hydrochloric acid concentrations of 0.6 and 1 mol dm -3 (Fig.2 ). This implies that the combination of TOPO with mercury is in the molar ratios of 1 : 1 and 2 : 1 for the extraction of mercury (II) from hydrochloric acid solutions by TOPO. Besides the repeated extractions of mercury (II) from fresh aqueous solution containing 0.1 mol dm -3 HgCl 2 with 0.1 mol dm -3 TOPO at constant hydrochloric acid concentration of 0.05 mol dm -3 give the result that the molar ratio [TOPO] / [Hg] in the organic phase approaches a limiting value of unity. From those it is deduced that species of mercury (II) extracted from hydrochloric acid solutions at low acidity by TOPO is in HgCl 2 ・2TOPO, and the species HgCl 2 ・TOPO, is formed in the increase of mercury loading in the organic phase. For the extraction of mercury (II) from hydrochloric acid solutions at higher acidities ([HCl] init ≥ 1 mol dm -3 ) by TOPO, the continuous variation of [Hg] org gives a maximum of 0.33 at initial aqueous hydrochloric acid concentration of 3 mol dm -3 , indicating that the combination of TOPO with mercury is in the molar ratio of 2 : 1 (Fig.2) .
When hydrochloric acid in the aqueous phase is replaced by lithium chloride, the extraction behavior of mercury (II) resembles that from hydrochloric acid solutions alone at low chloride concentration ([Cl] init aq 1 mol dm -3 ) ( Fig.3) . At higher chloride concentration ([Cl] init aq ≥ 1 mol dm -3 ), however, the former distribution coefficient is lower than the latter one. This suggests that the extraction of mercury (II) depends on the aqueous mercuric chloro species 7) , existing HgCl 2 and H 2 HgCl 4 at low and higher acidities, respectively. Therefore the following equilibrium equations are inferred for the extraction of mercury (II) from hydrochloric acid solutions by TOPO : as the aqueous species of mercury (II) depends on the aqueous chloride concentration 7) , Hence it is seen that the variation of the distribution coefficient corresponds to the distribution of the aqueous mercuric chloro species of HgCl 2 and H 2 HgCl 4 . Accordingly it is confirmed that the extraction mechanism of mercury (II) as solvating reaction by TOPO is similar to that by DHSO 5) .
3・2 Spectral studies
The IR spectra of the organic phases for the extraction of mercury (II) from aqueous solutions containing 25 and 50 g dm -3 HgCl 2 in 0.1 mol dm -3 HCl with 0.1 mol dm -3 TOPO in benzene exhibite that the absorption due to the P → O stretching vibration at 1,150 cm -1 in a free TOPO 8) shifts to the lower frequencies of 1,130 and 1,120 cm -1 , respectively, suggesting the formation of the species HgCl 2 ・TOPO.
The Raman spectra of the organic extracts of mercury (II) from aqueous solutions containing 100 g dm -3 HgCl 2 in 0.1, 1, 4 and 8 mol dm -3 HCl with 0.5 mol dm -3 TOPO in benzene give the absorption bands at 293, 293, 293 + 283 (sh, as shoulder) + 271 (sh) and 293 (sh) + 280 (sh) + 271 cm -1 assigned to the species HgCl 2 , HgCl 2 , HgCl 2 + HgCl -3 + HgCl 4 2and HgCl 2 + HgCl -3 + HgCl 4 2-, respectively, corresponding to the equilibrium equations (1) -(4) (Fig.4 ). In this case, the absorption of the species HgCl 2 , HgCl Further the organic phases for the extraction of mercury (II) from aqueous solutions containing 1, 5 and 20 g dm -3 HgCl 2 in 1.5 mol dm -3 HCl with 0.1 mol dm -3 TOPO in carbon tetrachloride were examined by a NMR spectroscopy. The NMR spectrum for water-saturated TOPO shows a peak at 9.11 (t value) in a triplet from methyl protons, a strong peak at 8.68, assigned to methylenic protons, and a peak at 8.53, from the methylenic and methyl protons attached to the carbon atom immediately adjacent to the phosphorus atom, and in addition water proton resonance appears at 7.58, indicating the formation of the compound TOPO・H 2 O. In the extraction of 1.5 mol dm -3 hydrochloric acid solution only, the water proton signal shifts to 6.94, confirming the formation of hydrogen bond in the compound HCl・TOPO H 2 O. The spectra of the organic solutions from the extraction of aqueous solutions containing 1, 5 and 20 g dm -3 HgCl 2 at 1.5 mol dm -3 HCl reveal the water proton resonances at 6.81, 6.70 and 6.28, respectively (Fig.5) . It is inferred that the shift of the water proton to a lower field caused by the extraction of mercury (II) into the organic phase probably arises from the displacement of the compound HCl・ 
3・3 Extraction isotherms from nitric acid solutions
The extraction of mercury (II) from nitric acid solutions by TOPO was examined by varying the aqueous acidity. The distribution behavior for the extraction of mercury (II) by TOPO from nitric acid solutions resembles that from hydrochloric acid solutions, while their extraction efficiencies are in the order of the extraction systems HCl > HNO 3 , as shown in Fig.6 . With increasing the initial concentration of nitric acid, the distribution coefficient of mercury (II) decreases to approach a minimum at 2 ~ 3 mol dm -3 acid and rises above this acidity, then passes through a maximum at about 5 mol dm -3 , and then falls again at higher acidities. The log-log plots of E o a vs.
[TOPO] aq = [TOPO] init -2 [Hg] org at constant nitric acid concentration give the straight lines with the slopes of 2.8, 2.7, 2.6, 2.3, 2.1, 1.0, 0.6 and 0.6 at 0.1, 0.2, 0.5, 0.7, 1, 2, 3 and 5 mol dm -3 HNO 3 , respectively. This suggests that the dependences of the distribution coefficient on the TOPO concentration are third -and / or second -powers and first -and / or second-powers at low and higher aqueous acidities ([HNO 3 ] init aq 2 mol dm -3 and ≥ 2 mol dm -3 ), respectively. It is thus deduced that the extracted species at low and higher acidities exist in the mixtures of respective two types of Hg (NO 3 -3 shows a maximum at the mole fraction of 0.33 at initial aqueous nitric acid concentrations of 0.2 and 5 mol dm -3 (Fig.7) , it is considered that the principal species of mercury (II) extracted from nitric acid solutions by TOPO are in Hg (NO 3 ) 2 ・2TOPO and H 2 Hg (NO 3 ) 4 ・2TOPO at low and higher aqueous acidities, respectively.
Besides the organic extracts from the extraction with 0.2 mol dm -3 in benzene of mercuric nitrate solutions (50 and 80 g dm -3 ) containing 0.2 mol dm -3 HNO 3 were examined by an IR spectroscopy. The spectra exhibit that the absorption assigned to the P → O stretching band of TOPO at 1,150 cm -1 shifts to the lower frequency at 1,110 cm -1 and the intensity of its band decreases considerably; the absorption bands of nitrato group due to the NO 2 symmetric stretching vibration and the NO 2 asymmetric bending mode appear at 1,280 and 635 cm -1 , respectively, indicating a lower symmetry (point group C 2v ) than the nitrate ion (point group D 3h ) 8) .
It is thus proposed that the extraction of mercury (II) from nitric acid solutions by TOPO is expressed by the following equilibrium equations which are analogous to the extraction of mercury (II) from hydrochloric acid solutions by TOPO: The extraction of mercury (II) from hydrochloric and nitric acid solutions of 0.2 and 0.5 mol dm -3 with 0.04 mol dm -3 TOPO in benzene was carried out at temperatures between 283 and 323 K. As given in Table 1 ). ature. In contrast, the distribution coefficient from nitric acid solutions increases with rising temperature. From the results, the values of heat of reaction (change of enthalpy, -DH) in Eqs. (1), (2), (5) and (6) are estimated to be close to those for the energy of hydrogen bonds 5)9) .
Conclusion
The extraction of mercury (II) from hydrochloric and nitric acid solutions has been carried out by using TOPO in benzene. As the results, it was found that with increasing the concentration of aqueous hydrochloric acid solutions, the distribution coefficient for TOPO decreases up to a minimum at 1 mol dm -3 HCl, and rises to a maximum at about 4 mol dm -3 HCl and then falls. The distribution behavior for the extraction of mercury (II) by TOPO from nitric acid solutions resembles that from hydrochloric acid solutions, while their extraction efficiencies are in the order of the extraction systems HCl > HNO 3 .
Consequently, the extraction of mercury (II) from hydrochloric and nitric acid solutions by TOPO is expressed by the following equilibrium equations : for HCl extraction system, 
